Abstract-The capabilities and limitations of electrocardiography and magnetocardiography are discussed. Representing the electrical activity of the heart by an impressed current density ji, electrocardiography determines the spherical harmonic multipole expansion of its divergence (flux source), while magnetocardiography determines the spherical harmonic multipole expansion of the radial component of its curl (vortex source).
INTRODUCTION
A S A CONSEQUENCE of the electrical activity of the heart, an electrical potential field is set up in and on the body; electrocardiography refers to the measurement of these voltages at the torso surface. The electrical currents in the body, due to the heart's activity, also give rise to a magnetic field within and outside the body. This field was first detected by Baule [4] - [10] have provided additional insights into the nature of magnetocardiography. The goal of this paper is to elucidate, in an analytic sense, the fundamental capabilities and limitations of electrocardiography and magnetocardiography to determine the space-time distribution of cardiac sources which produce them. To make the analysis reasonably simple, the present work is confined to a consideration of a uniform homogeneous torso, though the magnetocardiographic results apply also to a spherical heart in a lung medium of high resistivity. The effect of inhomogenieties will be commented on.
ELECTROCARDIOGRAPHY
In this section we give a (necessarily) brief summary of basic electrocardiographic theory. The reader unfamiliar with the concepts should consult one of several standard references [11] - [13] . As noted above, the following is based on an assumed electrically homogeneous torso. The electrical activity in the heart is a consequence of the property of each individual cell to act as a source of EMF when stimulated to produce an action potential. It is convenient to characterize these primary sources as an impressed (space-time) current density ji(x, y, z, t). During the activation of the ventricles, ji takes the form of one or more relatively thin layers propagating from endocardium to epicardium.
The electrocardiogram (EKG) is the time-varying potential at the torso surface due to the heart sources ii(X, y, z, t). The torso potential field is a consequence of the electrical conductivity of the torso that supports a current-density field in response to the heart's electrical activity. The condition is described by electromagnetic theory; it turns out that considering the timevarying nature of jt and with typical electrical conductivities, the problem is quasi-static.
The voltage recorded by a particular lead is related to the sources through its lead-vector field. Specifically, referring to Fig. 1 
In fact, the a.,, and b.,. are proportional to the lead voltage for the specialized lead fields given in (4); the specific relationship may be found by substituting (4) into (2) and then utilizing (6) , with the result that [11 ] Vnme 41ro-(n + m)! anm 
MAGNETOCARDIOGRAPHY
We have already noted that the body tissues act as passive conductors of electrical current arising from sources within the heart. The currents give rise to magnetic fields that can be detected outside the body. Detection can be effected by introducing a solenoid and sensing the time-varying magnetic field by virtue of the induced voltage. In order to consider the nature of this magnetic lead voltage, we shall first develop a reciprocity theorem suitable to the time-varying conditions under consideration.
In "case 1" we set up an electromagnetic field ei, hi by a current source ji, while in "case 2" the field e2, h2 arises from j2. These field quantities are related by
Maxwell's equations, namely oh,
+12.
I1 (9)
Note that ji and j2 are impressed currents (as defined earlier) and are distinct from the conduction currents (oe) and displacement currents (EOe/Ot). If we take the Fourier transform of each expression in (9) and then dot multiply both sides of each by a suitable function, one can obtain H2.V X E1 = -jH2H, (10) E2IV X1 Hi= iEE2 + jWEEI.E2 +Ji.E2 (11) H1-V X E2 = -ItjwH2.H, (12) E1.V X H2 = oE1-E2+ jco+eEi E2 + J2 E1 (13) where El(x, y, z, co) =fJ,, ei(x, y, z, t)e-icotdt, etc. Now add (11) to (13) and subtract (10) plus (12) 
If we let S be the surface at infinity, the surface integral in (14) can be shown to vanish, leaving compound magnetic leads by connecting any number of solenoids together, each pair of which has a specific magnode location and a specified magnetic source strength on reciprocal excitation. Because all of space is permeable, the magnetic leads do not actually need to contact any special surface, but can lie anywhere in the volume surrounding the torso; if the solenoid is very long and the distal pole is quite remote, the local (reciprocal) field is that of a single pole alone [2 ].
If we consider J1-J, to be the transform of the impressed cardiac current density is and J2 to be the transform of a reciprocal current density that energizes the solenoid (and lies between the terminals a-b in Fig. 2 Note that the effect of the conducting media is accounted for by the surface current (current di layer) (Uk' -ak") at each conductive discontinuity dipole layer being directed normal to the surface the primed to the double-primed region. Note also no secondary sources arise in a uniform region of in extent whether the conductivity is zero (free spac finite, that is, in this case the magnetic field is pendent of conductivity.
The assumed homogeneous torso of conductiv and boundary S0 is magnetically equivalent to a r of infinite extent with constant IAO, E0, zero conducti but where in addition to the impressed Ji we ha' induced surface source current K given by K = o4s,,n.
In this equation, n is a unit vector in the direction outward normal to SO, while 4.so is the potential o torso surface SO. In the following we shall assumE this equivalent system that sets up the magnetic of the heart. We shall designate by jt the total s current density, primary plus secondary. In equivalent system, the reciprocally excited electri magnetic fields are free-spaced fields.
We investigate the nature of the field e2 di reciprocal energization of a compound system of noids at an angular frequency w. Because where Mi= 1/2fv rXjidV is the impressed magneticdipole moment density [16] . By duality with the electric-dipole moment density ji [see (1) All remarks covering the determination of V.j, electrocardiographically apply to the determination of V-Mi magnetocardiographically. Note, however, that in electrocardiography we can relate the sources to the directly measured lead voltage, whereas the magnetocardiographic voltage that relates to the sources is one that must be "corrected" for the boundary effects in the sense of (30). 
Thus the (corrected) magnetocardiographic signal is the lead-field weighted average of the (radial component of the) "vortex source" of the impressed current density. This is in contrast to the electrocardiographic lead voltage, which is the same lead-field weighted average but of the "flux source" of ii. These distinctions will be further considered in the following section.
HELMHOLTZ THEOREM
According to Helmholtz's theorem, a vector field is completely specified by its divergence and curl. Specifically, if all of space is considered, the vector field
and the explicit dependence of F on its divergence and curl is exhibited. In obtaining (34), it is tacitly assumed that V'.F and V'XF vanish at infinity, a condition always satisfied by physical fields. The quantity V-F has been referred to as a flux source, while V XF is a vortex source.
For the impressed current density ji, we now recognize that it requires knowledge of both its flux source V jij and its vortex source VXXi for it to be completely specified. Electrocardiography serves to determine weighted averages of the flux source, while magnetocardiography nmeasures weighted averages of the (radial component of the) vortex source. Since the flux and vortex sources are independent, electrocardiography and magnetocardiography are similarly independent. 4 The fundamental limitation of both electrocardiography and magnetocardiography is that the sources can be determined only to the extent of providing their spherical harmonic multipole expansions (i.e., finding the coefficients a,nm bm and Cn.m dnm) wlhether one is considering the flux source V]ji or the (radial component of the) vortex source r.VXji=V.Mi. This represents both the capability and the limitation of the ECG and MCG systems. INHOMOGENEITIES The two major inhomogeneities are the high-conductivity intracavitory blood and the low-conductivity lungs. The blood conductivity is roughly three times that of heart muscle, while the lungs have only one fourth the conductivity of heart muscle. One can account for these inhomogeneities by introducing secondary sources in a homogeneous medium with the conductivity of the field point. The secondary (surface current) sources are located at those surfaces where the conductivity is discontinuous, and equals the product of the magnitude of the discontinuity and the value of the electrical potential, with an orientation normal to the surface [8] , [18] . From this standpoint, all that has been discussed earlier continues to apply except that ji includes both primary and secondary sources. Extraction of the primary component presents additional difficulties (assuming one could determine ji) and depends in part on the degree of knowledge of the geometry and electrical conductivity of the heart, lungs, and torso.
For primary-dipole sources, the electric fields set up by the induced secondary currents can be estimated if the interface is reasonably planar over a region that is large compared to the distance from the primary dipole. This can be done because the secondary currents produce electric fields that can be thought of as arising from appropriate dipole images. The "Brody effect" of enhanced radial dipoles and attenuated tangential dipoles is a consequence of this sort of consideration of the effect of the intraventricular blood. For the lowresistance lungs, the electric field (within the lung) turns out to used. In addition, slow sweep speeds can cause a positive slope to each trace, due to the fact that the film or oscilloscope beam is being displaced continuously rather than incrementally. The device to be described avoids the above difficulties by using a sweep-counting register and a digital-to-analog converter to provide incremental vertical displacement of the sweep. It can be integrated into an existing recording system and provides switch selection of the various operating modes.
CIRCUIT DESCRIPTION
The system shown in Fig. lis designed around a Tektronix 565 dual-beam oscilloscope with beam A used for photographing the pattern and beam B used simply as a level discriminator (with beam intensity set at zero) for detection of unit activity. The technique can be adapted to any oscilloscope that has a provision for beam intensification and is equipped with a sweep gate or ramp output for deriva-
